In this research, a one-way fluid-thermal-solid numerical coupling model of a scroll Authors' edition, published in Applied Thermal Engineeing 138 (2018) 72-82 2 expander for a waste heat recovery system was developed and used to investigate the deformation of the scroll pair. The pressure and thermal loads were firstly calculated by a CFD model, and the surface pressure and body temperature distributions of the scroll members were used as boundary conditions in the FEM model to obtain the deformation distributions of the scroll parts. Three time instants that may have significant adverse impacts on the maximum forces were selected to determine the most critical time for the occurrence of the maximum deformation of the scroll wraps. The results showed that the deformations induced by inertial force only occurred at the orbiting scroll tail, whereas the deformations in other regions negligible. At the time instants of t/T equaled to 13/15 and 1, the deformations induced by pressure loads had the opposite direction compared to that of the thermal loads and thus the two deformations canceled each other out and the coupling deformations decreased. The deformations induced by pressure loads were less significant than the thermal loads, therefore the coupling deformation was dominated by the thermal loads. The results also confirmed that the critical time at t/T equaled to 7/20 for the occurrence of the largest deformation resulted from the maximum axial forces that were exerted on the fixed scroll.
Introduction
In recent years, scroll expanders have gained increasing interest as the expansion machine of organic Rankine cycle (ORC) based Waste Heat Recovery (WHR) systems. As indicated in Ref. [1, 2] , the scroll expander is more suitable than the turbine expander for small-scale ORC systems, i.e. power output below 10 kW. Moreover, the scroll expander has advantages over other positive displacement expanders for the ORC application, due to its less moving components, higher efficiency, and lower cost [3, 4] . Nevertheless, the manufacturing tolerances and clearances between the mating scrolls are a vital design consideration of scroll expanders, as larger clearances can heavily affect their performance. Oversized clearances will lead to increased leakages, while wear and tear caused by friction or even jamming of the scrolls potentially occur when the clearances are excessively tight. The deformations of the scroll wraps and endplates should be therefore investigated in order to determine appropriate design clearances. Up to date, there are a few published studies on deformation analysis of scroll machines. Numerical investigations by employing Finite Element Methods (FEM) were carried out to examine the deformation of the mating scrolls of scroll compressors, in order to provide a solid reference for the scroll expander development. Kazutaka Suefuji et al. [5] assessed for the first time that the main reasons for the deformation were the pressure and thermal loads acting upon the scroll wraps. Yu et al. [6] applied heat transfer boundary conditions on scroll wrap surfaces and assigned the uniform pressure along the axial direction to each symmetrical chamber pairs to employ an FEM model for the capture of the fixed scroll deformation. O'Leary et al. [7] created an FEM model in order to yield the deformation distribution of scroll parts based on obtained pressure and thermal loads determined through a thermodynamic simulation model. Lin et al. [8] used thermocouples to measure the temperature in specified test points in a fixed scroll plate, and combined the temperature measurements with an FEM model for the analysis of the thermal deformation and stress distribution of the scrolls. Liu et al. [9] carried out the finite element analysis for different geometric parameters of the orbiting scrolls to determine the optimum design of the scrolls by utilising the lower deformations, which also obtained pressure and thermal loads through a thermodynamic simulation model. According to previous CFD modelling results of scroll machines, the pressure and temperature distributions inside the working chambers were uneven [4, [10] [11] [12] [13] [14] [15] [16] and the existing empirical formulas to predict of the convective heat transfer coefficient were not suitable for the compression process [12] . However, these previous studies on the deformation analysis were generally on the linear loading or used the empirical formulas to determine the boundary conditions. Furthermore, the heating effect of the gas in the plenum was not considered. In addition, the deformation distribution was only calculated and analysed at the beginning of the compression process, which was considered as the most detrimental time instant.
Compared to a scroll compressor, the pressure and temperature distributions in a scroll expander are different due to the reversed working process [4] , which will certainly lead to a different deformation behaviour of the scroll parts. For this reason, the most critical time instant on scroll expander deformations need further investigations.
In this work, an improved methodology was developed, in which the CFD simulation results were integrated into an FEM model as boundary conditions. The evaluation of the transient working process in the scroll chamber and the temperature variations of the scroll wraps and endplates was determined by the CFD model. Subsequently, the calculated results of surface pressure and body temperature on the mating scrolls were used to define the boundary conditions for an FEM model employing one-way coupling method, in which only the effects of gas flow on the pressure and temperature distributions on the walls of scroll wrap were considered. However, the influence of the structural displacements on the gas flow field was not taken into account. The deformation distributions of the scroll pair were determined at different times. Moreover, the deformation results at the critical time when the maximum deformation occurred were analysed.
Model and methodology

Physical model
The specific geometric parameters and material properties of the scroll plates are summarized in Table 1 . The primary geometry parameters of the scroll wraps are the same as that in Ref. [15] . The material properties used in fluid-thermal-solid coupling analysis are the same as those of real scroll parts, and the real scroll parts are made of Aluminum alloy 4032 [17, 18] . The structure of the scroll expander used in the numerical simulation and testing is shown in Fig. 1 . In particular, the machine was converted from an open-drive automobile air conditioning compressor. When the scroll compressor is operated as ORC expander, continuous gases at high pressure and temperature enter the suction plenum that in turn heat 6 the cool walls and exert pressure on the endplate of the fixed scroll. Due to the ever-changing shape of each gas pocket in the working chambers, an unsteady flow field distribution is generated causing a constantly changing stress and deformation of the scroll solid. 
CFD model and experimental validation
The commercial code ANSYS FLUENT 17.0 was used for this analysis. Though 2D CFD simulation can handle radial clearances as low as 20μm [4] , the gas force and heating effect of the gas in the suction plenum can't be reflected in the 2D numerical models. In order to obtain the accurate pressure and thermal loads, the CFD simulation adopted the fluid-thermal-solid coupling method in combination with a 3D transient numerical model using the dynamic mesh strategy. After trade-off between the computational time versus accuracy of results, the radial clearance was set to 200μm in the present work, and the axial clearance was not considered. Overall performances of the scroll machine are not influenced by the time step [4] , and this analysis is more concerned about the gas force and temperature exerted on the scrolls other than local flow field such as leakage flow. The uniform angle-interval chosen, in accordance with [15] , was set to 1.2 deg.
The computational domain of the model is shown in Fig.2 . The fluid domain is composed of inlet, suction plenum, suction port, scroll working chambers and outlet. The solid domain is composed of the fixed and orbiting scroll wraps with endplates. The movement of the solid parts are mechanically constrained properly. Fig. 3 shows the grids of the computational domain. It consists of unstructured grids with 875,595 nodes and 1,636,687 cells in the scroll working chambers, 52,670 nodes and 69,818 cells in the scroll wrap solid, and a structured grid with 1,156,891 cells in the inlet, suction plenum, suction port, outlet and scroll plate solid. 
where eff K represents the thermal conductivity of the scrolls material, and f h represents the enthalpy of the gases. The radiation heat transfer is neglected in the calculation, therefore rad q equals to 0.
The conservation of energy equation in the solid domain is described by:
where s  , s h and v r represent density, enthalpy and velocity of the solid, respectively.
Since the resulting deformation is less than 2% compared to the average scroll wrap thickness, the influence of the deformation on the flow field was not taken into account. To validate the accuracy of the model, experimental measurements were carried out under four different test conditions, which are listed in Table 2 . The test rig was already introduced in the previous work [15, 16] . The comparisons between experimental and simulation results under four test conditions are shown in Fig.4 . It can be seen that the results of experiment and simulation results are in good agreement with each other, and the deviations are around 5%. The experimental and simulated power output results of the scroll expander can be calculated by Eqs. (5) and (6).
where U and I represent measured voltage and current, respectively; internal friction losses and external electro-mechanical losses are lumped into one single efficiency  of 55% [20, 21] ; n is the rotating speed of the orbiting scroll; Md represents instantaneous driving gas moment exerted on the orbiting scroll. for the scroll parts are as follows:
(1) the degree-of-freedom in the z-axis direction at the position where the back of the endplate of the orbiting scroll that attaches to the anti-rotation mechanism by the thrust ball bearing is constrained;
(2) the degree-of-freedoms in the x-and y-axis directions on the inside wall of the bearing hole that is used to mount the radial bearing parts are constrained;
(3) the degree-of-freedom in the z axis direction on the top wall of the bearing hole is constrained;
(4) the constrain condition of the fixed scroll is that the contact surface between the frame and fixed scroll plate is set as a fixed support.
During the working process, scroll expander is subjected to complex load conditions. These include the internal pressure from the gases, the thermal stresses, and the inertia forces. The contact stress between the mating parts was not considered. Furthermore, one of the main objectives of the deformation analysis was to determine the time instant when the largest deformation occurs, thereby characterized as the most detrimental time, and provide a reference for future researches to eliminate the contact between the mating scrolls. The main loads of the scroll expander involved in the deformation calculation are presented as follows:
(1) Pressure loads. As mentioned in [19] , the exerted force on the orbiting scroll can be divided into forces acting in three different directions as shown in Fig.5 
where Ft,or is the tangential force acting on the orbiting scroll, which generates the driving movement of the orbiting scroll; Fr,or is the radial force acting on the orbiting scroll, which is responsible for the shift of the fixed and orbiting scroll to each other which in turn increases the radial clearance between the mating scrolls; Fa,or is the axial force acting the orbiting scroll, which is normal to the surface of the scroll endplate and top wall acting on the scroll wrap; N is the count of cells; Fx,or,i, Fy,or,i and Fz,or,i are the component forces acting on the orbiting scroll along the x, y, z axis direction, respectively. In order to calculate the component forces acting on the fixed scroll, the fixed scroll was supposed to go through translational rotation around the center in the base circle of the orbiting scroll and the orbiting scroll was supposed to be fixed. The axial force acting on the fixed scroll includes the gas force from the working chamber and the suction plenum. The component forces of the fixed scroll are given by:
where Fr, fix is the radial force acting on the fixed scrolls; Ft, fix is the tangential force acting on the fixed scroll; Fa, fix is the axial force acting on the fixed scroll. Fx, fix,i, Fy, fix,i and Fz,fix,i are the component forces exerted on the orbiting scroll along the x-, y-, z-axis direction, respectively.
(2) Thermal loads. The scroll expander used in the ORC system is always exposed to high temperatures. Thermal deformation occurs on the scroll solid due to the high expansion coefficient of aluminum alloy and the thermal stress is caused by the un-even temperature distribution.
(3) Inertial loads. The inertial load of the orbiting scroll is caused by the constant translational rotation. The centrifugal acceleration generates inertial loads which are given by:
where Foc, mo, and Ror are the centrifugal force, mass of the orbiting scroll and orbiting radius of the orbiting scroll, respectively.
Flow distributions in the scroll expander
Gas forces exerted on the scroll parts
The data in Table 3 lists the operation conditions for the scroll expander during the simulation. As mentioned in section 2.3, the forces are only applied against the lateral walls of the scroll wraps if pressure differences between the inner and outer parts of the scroll wraps exist.
The axial forces are perpendicular to the surfaces of the scroll endplates and the values decrease gradually from the central suction chamber to the outmost backpressure chamber. Fig.6 shows the transient radial force Fr, tangential force Ft and axial force Fa acting on the fixed and orbiting scroll, which are calculated by employing the equations reported in section 2.3 and it can be seen that they fluctuate periodically. In Fig.6(a) , the tangential and radial component forces acting on of the fixed and orbiting scrolls are in the same order of magnitude but acting in the opposite direction. When Fr, or reaches its peak value at t/T=1
(marked number 1), Fr, fix also reaches its maximum negative value at the same time. At point t/T=13/15 (marked as number 2) Ft, fix reaches the maximum negative value, and Ft, or achieves the peak value which indicates that the gas driving force acting upon the orbiting scroll and the pressure difference between the adjacent chambers both are the highest at this instant. The axial force exerted on the fixed endplate is much higher than that on the orbiting endplate as shown in Fig.6(b) , and their peak values are marked as number 3 at t/T=7/20 and number 4 at t/T=1, respectively. The uneven distributions of pressure in the working chambers have a significant influence on gas forces [16] , particularly due the pressure differences between the adjacent chambers.
In order to determine the variations of the pressure differences between the adjacent chambers, the characteristic lines along the tip of scroll profiles from the inside outwards are created, and their starting points are labeled as Pfix on the fixed scroll tip and Por on the orbiting scroll tip respectively, as illustrated in Fig. 7 . As shown in Fig. 8(a) , the maximum pressure difference values are generated at t/T=13/15 on the fixed scroll which is marked as point 1', and a segment of the scroll wrap from 1' to 2'
is suffered approximate equivalent differential pressures which represent the differential pressures at the scroll tip between the Suc4 and Exp2 chambers. When t/T equals to 1, there is rather high differential pressure between the chambers Suc1 and Exp2 from 2" to 3". At the time of t/T=7/20, the average pressure differences between the adjacent chambers are lower than that of other two time instants. Notably, the differential pressure from marked number 4 to the fixed scroll tail at t/T=7/20 are negative, which shows that the pressure in chamber Exh2 is lower than the pressure in chamber Bac1.
As shown in Fig.8(b) , the differential pressure on the orbiting scroll wrap has also the largest value at the time of t/T=13/15. It is significant that the reverse differential pressure distributions exist between the fixed and orbiting scroll in the length ranges of 2-3, 2'-3' and 3"-4". The inner and outer walls in these three length ranges of the fixed scroll are suffered by the pressure from the chamber Exp2 and Exp1, respectively, but just the opposite for that of the orbiting scroll. It is also notable that the pressure in chamber Exh1 is higher than the pressure in chamber Bac2 at the time of t/T=7/20, thus the differential pressures of the fixed and orbiting scroll tails are of a similar order of magnitude but in the opposite direction. As mentioned above, the differential pressure distributions at the end of the fixed and orbiting scroll at t/T=7/20 present reverse directions and differ from that at the time of t/T=13/15 and 1. The pressure distributions and streamlines in the exhaust and backpressure chambers on the cross-section perpendicular to the z-axis at a scroll height of z=16.5mm at three different times are shown in Fig. 9 . The pressures in chamber Exh1 are higher than that in Exh2 when t/T equals to 13/15 and 1, but the pressure distribution of the two chambers at t/T=7/20 indicates the opposite. As illustrated in Fig.9 (b) higher rate because of the unilateral arrangement for the outlet pipe [16] . Thus, the pressure in chamber Bac2 is much lower than in chamber Bac1 and some gas is driven back because of the pressure difference between the two backpressure chambers. As a result, a high-pressure region near the end of the orbiting wrap outer wall is formed within the constraint of the scroll expander shell. As shown in Fig.9 (a) , the gas flow is driven from chamber Exh1 to chamber Bac1 by inertia with a small pressure gradient. Due to the decreasing volume of chamber Bac1 and the constraints of the shell and fixed scroll outer walls, the pressure in chamber Bac1 is relatively high. An increasing back pressure leads to a high flow resistance during the discharging process and the pressure in chamber Exh1 increases. At the same time, the low-pressure gas from chamber Exh2 is driven to chamber Bac2 by inertia and a portion of the gas flows into the outlet pipe. Furthermore, the other potion of the gas continues to flow along the wall under the inertia force and some gas flows even into chamber Bac1. The different flow patterns between the gas in the symmetric chambers Bac1 and Bac2 at t/T=7/20 result in the reverse differential pressures at the end of the fixed and orbiting scroll. 
Temperature distributions in the scroll chambers and scroll parts
The temperature distributions of the gas in the scroll chambers on the cross-section perpendicular to the z-axis at a scroll height of z=3mm are shown in Fig.10 . The temperature in the suction chamber is highest, and the symmetrical chambers have asymmetrical temperature distributions. There is also an uneven temperature distribution in a single chamber, particularly in the crescent-shaped expansion chamber. The temperature of the gas near the wall is higher than that at the central region of the same chamber because of the heating effect from the scroll lateral wall. Moreover, the temperature gradient of the downstream gas is larger than that of the upstream gas in the same chamber, while the gas temperature in downstream area is lower compared to the upstream gas. It is because of the orbiting scroll motion that results in the squish action of the upstream gases, thus the internal energy of the upstream gas increases. Meanwhile, the downstream gases are extracted with expansion effects. As is shown in Fig. 11 , the gas enters into the inlet pipe and continuously flows along the circumferential direction in the suction plenum, when the gas flows close to the central regions of the plenum, a large-scale swirl is generated near the suction port and the temperature of the gas near the central regions of the plenum decreases significantly.
Therefore, the thermal energy in the suction plenum can be transferred to the scrolls, particularly in the outer region of the scroll wraps. The back wall of the fixed scroll endplate is heating by the gas in the suction plenum, and it is one of the reasons why the differences between the temperature distributions of the scroll parts. However, the temperature distributions of the scrolls are not only influenced by convective heat transfer between walls and gas, but also heat transfer from the gas inside the suction plenum to the scroll endplate. There is a slight increase of both scrolls temperature in the marked region of Fig. 12 , and is a consequence of the maximum heat flow from the suction plenum to the scrolls. The deformation distributions of both scrolls caused by pressure loads at t/T=7/20 are shown in Fig.14. The maximum pressure deformation of the fixed scroll wrap is nearly 29μm.
The supporting effect on the central region of the fixed scroll endplate is reduced due to the arrangement of the suction port, which leads to a more significant deformation along the axial direction than that along the radial direction, as shown in Fig.14(a) . Consequently, the backpressure in the suction plenum which is exerted on the backside of the fixed scroll endplate which cause the two scrolls to contact with each other. Furthermore, the deformations of the orbiting scroll are primarily distributed along the radial direction of the orbiting scroll tail, as illustrated in Fig.14(b) , because the modification of the scroll profile reduces the thickness of the scroll tail. Compared with t/T=7/20, the maximum pressure deformation of the other time instants presents the same location but with different magnitudes, as shown in Table 5 . For the orbiting scroll, the direction of the maximum pressure deformation at t/T=7/20 differs from those of the other two time instants. As already presented in Fig.8(b) , the differential pressure at the tip of the orbiting scroll tail at t/T=7/20 is opposed to those at the other two time instants. It follows that the maximum deformation of the orbiting scroll at t/T=7/20 is more than twice as high than that of the other two moments while still acting in the opposite direction. Fig.15 presents where the maximum deformation induced by inertial load occurs and the deformation distribution at t/T=7/20. The deformations only occur at the end area of the scroll and lead to maximum deformations at the tip of the scroll tail. The similar deformation distribution and region of the maximum deformation are showed in Table 6 at t/T=13/15 and t/T=1. 
Conclusions
In this research, a one-way fluid-thermal-solid coupling model for a scroll expander was developed by coupling CFD and FEA modeling techniques. Temperature and pressure distributions as a function of time were calculated and analysed in details, and the deformation under different loads were investigated in details. The following conclusions can be drawn from this work:
(1) Three time instants which may have a significant adverse impact on the maximum forces are selected to determine the most critical time for the occurrence of the maximum deformation of the scroll wraps. The differential pressure distributions at the end of the fixed and orbiting scroll at t/T=7/20 is reverse compared with those of the other two instants due to the different flow patterns between the gas in the two backpressure chambers.
(2) The heating action of the gas in the suction plenum plays a prominent role in the temperature distribution of the solid. The temperature along the trajectory of the scroll profiles decrease at first, but then increase, before the temperature finally shows a significant decaying trend rather than a steady decrease from the inside outwards.
(3) The maximum inertial force deformation is small and appears at the orbiting scroll tail.
The directions of the pressure deformation are reverse within the same locations at different times due to the variations of the differential pressure. When the deformations induced by pressure loads have the same direction with that of the thermal loads, there is an overlap between the two deformations resulting in an increase of the coupling deformation. On the contrary, these can also offset each other if the deformations induced by pressure loads have the opposite direction compared to that of thermal loads and which in turn lead to a decrease of the coupling deformation. 
